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ROAD NETWORK GENERATION

BACKGROUND

The present invention relates to map inference technol-
ogy, and more specifically, to a method for generating a road
network and an apparatus thereof.

Recent years, the technology for road map inference using,
Global Position System (GPS) has attracted a lot of research
interests, since 1n such technology, the road map 1s inferred
from a signmificant amount of trajectory data of actual route
traveled by vehicles obtained from GPS. In comparison to
the traditional geographical survey approach, it i1s more
cilicient to infer the road map from GPS. In many applica-
tions, for example, trajectory pattern mining, travel activity
analysis, vehicle fleet management, and etc., the inferred
road map can be typically used to transform raw trajectories
to abstract trajectories with reduced data size and/or
enriched semantics.

A number of technologies have been developed to infer
road maps using a great amount of trajectory data of actual
routes traveled by vehicles obtained from GPS. Unifortu-
nately, 1n the prior art, the generated road maps are routable
tully functional road maps that can be used for navigation
purpose. On one hand, individual GPS ftrajectories’ geo-
metrical features need to be computed for such fully func-
tional road maps, which stands for significant computation
overhead and 1s hardly scalable. For example, a map infer-
ence computation from about 1,000 GPS trajectories will
take approximately one hour. On the other hand, traflic
information for navigation contained in the fully functional
road map 1s not necessary for applications other than navi-
gation related applications, such as trajectory pattern min-
ing, travel activity analysis, vehicle fleet management, and
etc. Thus, the fully functional road map 1s redundant for
these applications. Instead, maps with reduced data size can
be used to facilitate transmission and storage.

Therelfore, a technology 1s needed for generating a road
map from raw GPS trajectory data in a more ethcient and/or
scalable manner.

SUMMARY

According to one embodiment of the present invention,
there 1s provided a method for generating a road network.
The method comprises aggregating a plurality of grid cells
partitioned 1 advance on a trajectory map based on trajec-
tories 1 each grid cell of the plurality of gnid cells to form
level-1 regions; and generating a link of the road network by
merging a level-1 region having two valid neighbors with its
neighbor level-1 regions having two valid neighbors.

According to another embodiment of the present mnven-
tion, there 1s provided a road network generation apparatus.
The apparatus comprises an aggregating part configured to
aggregate a plurality of grid cells partitioned 1n advance on
a trajectory map based on trajectories in each grid cell of the
plurality of gnid cells to form level-1 regions; and a link
generation part configured to generate a link of the road
network by merging a level-1 region having two valid
neighbors with 1ts neighbor level-1 regions having two valid
neighbors.

According to still another embodiment of the present
invention, there 1s provided a system for generating a road
network. The system comprises means for aggregating a
plurality of gnid cells partitioned 1n advance on a trajectory
map based on trajectories in each grid cell of the plurality of
orid cells to form level-1 regions; and means for generating
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2

a link of the road network by merging a level-1 region
having two valid neighbors with 1ts neighbor level-1 regions
having two valid neighbors.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Through the more detailed description of some embodi-
ments of the present disclosure 1n the accompanying draw-
ings, the above and other objects, features and advantages of
the present disclosure will become more apparent, wherein
the same reference generally refers to the same components
in the embodiments of the present disclosure.

FIG. 1 shows the block diagram of an exemplary com-
puter system/server which 1s applicable to implement the
embodiments of the present invention;

FIG. 2 shows an exemplary flowchart of a method for
generating a road network according to one embodiment of
the present invention;

FIG. 3 shows an example of a trajectory map according to
one embodiment of the present invention;

FIG. 4 shows a schematic view of a trajectory map
covered by grid cells according to one embodiment of the
present invention;

FIG. 5 shows a partial enlarged view of a trajectory map
covered by grid cells according to one embodiment of the
present 1nvention;

FIG. 6 shows a partial enlarged view of a trajectory map
alter the grid cells are aggregated as level-1 regions accord-
ing to one embodiment of the present invention;

FIG. 7 shows a tlowchart of a method for determining 1n
an adjacent grid cell there 1s a trajectory different from the
trajectories 1n the present grid cell according to one embodi-
ment of the present invention;

FIG. 8 shows a schematic actual map with roads repre-
sented by blanks intervening between blocks filled in grey;

FIG. 9 shows a road network map according to the map
in FIG. 8, generated according to one embodiment of the
present invention;

FIG. 10 1s a view 1llustrating the concept of neighbor
level-1 regions according to the present invention;

FIG. 11 1s a view 1illustrating the concept of valid neigh-
bors according to the present mnvention;

FIG. 12 shows a road network including nodes and links
generated according to one embodiment of the present

invention; and

FIG. 13 shows a block diagram of the road network
generation apparatus according to one embodiment of the
present mvention.

DETAILED DESCRIPTION

Some embodiments of the present disclosure will be
described in more detail with reference to the accompanying
drawings, 1n which the embodiments of the present disclo-
sure have been illustrated. However, the present disclosure
can be implemented 1n various manners, and thus should not
be construed to be limited to the embodiments disclosed
herein. On the contrary, those embodiments are provided for
the thorough and complete understanding of the present
disclosure, and completely conveying the scope of the
present disclosure to those skilled in the art.

In FIG. 1, an exemplary computer system/server 12 which
1s applicable to implement embodiments of the present
invention 1s shown. Computer system/server 12 1s only



US 10,452,810 B2

3

illustrative and 1s not intended to suggest any limitation as
to the scope of use or functionality of embodiments of the
invention described herein.

As shown 1n FIG. 1, computer system/server 12 1s shown
in the form of a general-purpose computing device. The
components of computer system/server 12 may include, but
are not limited to, one or more processors or processing units
16, a system memory 28, and a bus 18 that couples various
system components including system memory 28 to proces-
sor 16.

Bus 18 represents one or more of any of several types of
bus structures, including a memory bus or memory control-
ler, a peripheral bus, an accelerated graphics port, and a
processor or local bus using any of a variety of bus archi-
tectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (IMCA) bus, Enhanced ISA
(EISA) bus, Video Flectronics Standards Association
(VESA) local bus, and Peripheral Component Interconnect
(PCI) bus.

Computer system/server 12 typically includes a variety of
computer system readable media. Such media may be any
available media that 1s accessible by computer system/server
12, and 1t includes both volatile and non-volatile media,
removable and non-removable media.

System memory 28 can include computer system readable
media 1n the form of volatile memory, such as random
access memory (RAM) 30 and/or cache memory 32. Com-
puter system/server 12 may further include other removable/
non-removable, volatile/non-volatile computer system stor-
age media. By way of example only, storage system 34 can
be provided for reading from and writing to a non-remov-
able, non-volatile magnetic media (not shown and typically
called a “hard drive™). Although not shown, a magnetic disk
drive for reading from and writing to a removable, non-
volatile magnetic disk (e.g., a “tloppy disk™), and an optical
disk drive for reading from or writing to a removable,
non-volatile optical disk such as a CD-ROM, DVD-ROM or
other optical media can be provided. In such instances, each
can be connected to bus 18 by one or more data media
interfaces. As will be further depicted and described below,
memory 28 may include at least one program product having
a set (e.g., at least one) of program modules that are
configured to carry out the functions of embodiments of the
invention.

Program/utility 40, having a set (at least one) of program
modules 42, may be stored in memory 28 by way of
example, and not limitation, as well as an operating system,
one or more application programs, other program modules,
and program data. Each of the operating system, one or more
application programs, other program modules, and program
data or some combination thereof, may include an 1mple-
mentation of a networking environment. Program modules
42 generally carry out the functions and/or methodologies of
embodiments of the mnvention as described herein.

Computer system/server 12 may also communicate with
one or more external devices 14 such as a keyboard, a
pointing device, a display 24, etc.; one or more devices that
cnable a user to interact with computer system/server 12;
and/or any devices (e.g., network card, modem, etc.) that
enable computer system/server 12 to communicate with one
or more other computing devices. Such communication can
occur via Input/Output (I/O) interfaces 22. Still yet, com-
puter system/server 12 can communicate with one or more
networks such as a local area network (LAN), a general wide
area network (WAN), and/or a public network (e.g., the
Internet) via network adapter 20. As depicted, network
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adapter 20 communicates with the other components of
computer system/server 12 via bus 18. It should be under-
stood that although not shown, other hardware and/or soft-
ware components could be used 1n conjunction with com-
puter system/server 12. Examples, include, but are not
limited to: microcode, device drivers, redundant processing
units, external disk drive arrays, RAID systems, tape drives,
and data archival storage systems, efc.

With reference now to FIG. 2. FIG. 2 shows an exemplary
flowchart of a method 2000 for generating a road network
according to one embodiment of the present invention.

The method 2000 for generating a road network may
comprise the following steps. At step 2100, a plurality of
orid cells partitioned 1n advance on a trajectory map can be
aggregated based on trajectories in each gnid cell of the
plurality of gnid cells to form level-1 regions. At step 2200,
nodes of the road network can be generated by merging a
level-1 region having three or more valid neighbors with 1ts
neighbor level-1 regions having three or more valid neigh-
bors. At step 2300, links of the road network can be
generated by merging a level-1 region having two valid
neighbors with 1ts neighbor level-1 regions having two valid
neighbors. At step 2400, trajectories can be represented
using the generated road network. The step 2200 and step
2400 are not necessary for implementing the method for
generating a road network according to the present invention
and thus are optional steps which are drawn in dashed boxes.
That 1s, according to one embodiment of the present inven-
tion, the method 2000 can only comprise the step 2100 of
aggregating grid cells and the step 2300 of generating links
of the road network, without impairing the implementation
of the invention.

The method 2000 can be implemented on the computer
system/server 12 as shown mn FIG. 1, for example, or
implemented on other machines. And, the method 2000 can
be encoded as machine-readable instructions i1n software,
hardware and firmware. It 1s noted that in the method 2000,
the steps can be combined to be executed, and are not
necessary to be executed in the described order. For
example, steps 2200 and step 2300 can be interchanged
without impairing the implementation of the invention. That
1s to say, after forming the level-1 regions at step 2100, links
of the road network can be generated before the nodes of the
road network are generated.

Each step in the method 2000 will be described below.

At step 2100, a plurality of grid cells partitioned 1n
advance on a trajectory map can be aggregated based on
trajectories 1n each grid cell of the plurality of grid cells, to
form level-1 regions.

To fully 1llustrate the disclosure, the trajectory map and
orid cells partitioned 1n advance on the trajectory map will
be described first.

FIG. 3 shows an example of a trajectory map according to
one embodiment of the present invention. As shown in FIG.
3, each line on the trajectory map represents a trajectory. The
physical meaning of a trajectory can be an actual route
traveled by a vehicle. The trajectories can be obtained by
linking a sequence of position points from a positioning
device (e.g., GPS). As an example, 3576 trajectories can
cover an area of 7x35 km.

The size of the plurality of grid cells can be set based on
a preset spatial accuracy of the road network and a number
limit of aggregated cells 1n each direction. The spatial
accuracy of the road network refers to the desired spatial
resolution of the road network, which 1s a variant input
parameter 1 the method for generating a road network
according to the invention. The spatial accuracy of the road
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network can be set by a user as needed or set 1n the system
in advance. For example, the spatial accuracy can be set as
50 m, 100 m, 200 m, and etc. The number limit of aggre-
gated cells refers to the maximum number of grid cells that
can be aggregated 1n each direction 1n aggregating the grid
cells 1nto level-1 regions. The number limit of aggregated
cells 1s also a variant mput parameter in the method for
generating a road network according to the invention, which
can be set by a user as needed or set by the system. For
example, the number limit of aggregated cells can be any
natural number such as 1, 2, 3 . . . . Gnd cells are square
lattices. The size of grid cells 1s equal to or less than a
quotient obtained by dividing the spatial accuracy of the
road network by the number limit of aggregated cells. For
example, 1n the case that the spatial accuracy of the road
network 1s set to 100 m and the number limit of aggregated
cells 1s set to 2 1 both the oriental and longitudinal direc-
tions, the length of the side of a grid cell can be equal to or
less than 100+2=50 m. That 1s, the grid cells can be 50 mx50
m lattices. In this situation, a trajectory map representing an
area ol 7x5 km will be covered by 14,000 gnid cells. The
number limit of aggregated cells in different directions may
be the same or different.

FIG. 4 shows a schematic view of a trajectory map
covered by grid cells according to one embodiment of the
present invention. In FIG. 4, the grid cells are shown 1n black
solid line boxes.

FIG. 5 shows a partial enlarged view of a trajectory map
covered by grid cells according to one embodiment of the
present mvention.

In FIG. 5, for clarity, the grid cells are shown as grey solid
line boxes, while the trajectories are shown as black solid
lines. It can be seen from FIG. 5, each trajectory 1s divided
to several trajectory segments by the grid cells. However,
not every grid cell contains at least one trajectory segment.
For example, each one of the four grid cells 1n the ellipse 510
contains at least one trajectory segment, while the four grnid
cells 1n the ellipse 520 contains no trajectory segment.

One of the purposes for aggregating grid cells into level-1
regions 1s to discard grid cells containing no or very small
number of trajectory segments. Due to the fact that the road
network 1s constructed using trajectories in this disclosure,
or1id cells containing no trajectory segments need not to be
considered 1n generating the road network. Grid cells con-
taining very small number of trajectory segments are most
likely caused by error/noise in location data. Therefore, grid
cells not containing any trajectory segment or containing
very small number of trajectory segments need not to be
aggregated when aggregating grid cells. Meanwhile, since
orid cells not containing no or very small number of trajec-
tory segments need not to be handled 1n generating the road
network, the data size used 1n the method for generating the
road network according to the invention will be significantly
reduced, and thus the computation complexity and required
storage space will be significantly reduced.

Another purpose for aggregating grid cells into level-1
regions 1s to make a cluster of trajectories constituting of
adjacent different trajectories fall in one region but not
disperse into two grid cells.

Still referring to FIG. 5, 1n the four grid cells within the
cllipse 510, for example, there 1s a cluster of trajectories
comprising two adjacent trajectories. However, this cluster
ol trajectories locate across diflerent grid cells. In order to
turther enhance the accuracy of the generated road network
and reduce the computation complexity, diflerent grid cells
covering different trajectories 1n a same cluster of trajecto-
ries can be aggregated together to form a level-1 region.
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FIG. 6 shows a partial enlarged view of the trajectory map
after the grid cells are aggregated as level-1 regions accord-
ing to one embodiment of the present invention.

As shown 1n FIG. 6, grid cells not containing any trajec-
tory segments have been discarded. Meanwhile, diflerent
orid cells covering diflerent trajectories 1n a same cluster of
trajectories have been aggregated together to form a plural-
ity of level-1 regions. For example, the four grid cells 1n the
cllipse 510 as shown 1 FIG. 5 have been aggregated as the
level-1 region 610 1n FIG. 6.

Embodiments will be described for aggregating a plurality
of grid cells partitioned 1n advance on a trajectory map based
on trajectories 1n each grid cell of the plurality of grid cells
to form level-1 regions.

At step 2100 of aggregating grid cells to form level-1
regions, a plurality of grid cells can be aggregated based on
a density of trajectories in each grid cell of the plurality of
orid cells partitioned 1n advance on the trajectory map. That
1s, grid cells with high density are aggregated first. In the
case that the number limit of aggregated cells 1s not reached,
if 1t 1s determined 1n an adjacent grid cell of a present grid
cell that there are enough trajectories differing from the
trajectories 1n the present grid cell, the present grid cell and
the adjacent grid cell are aggregated; otherwise, the present
orid cell 1s taken as a level-1 region.

To meet the requirement on the spatial accuracy of the
road network, there 1s an upper limit for the number of
aggregated grid cells. For example, as mentioned previously,
if the spatial accuracy of the road network 1s 100 m, and the
number limits of aggregated cells are 2 both in the oriental
and longitudinal directions, the size of a grid cell 15 50x50
m. When the present grid cell 1s aggregated with the adjacent
orid cell, the size of the level-1 region formed by aggrega-
tion 1s the total size of two grid cells, 1.e., 50x100 m or
100x350 m. At this time, the number of aggregated cells has
reached the upper limit. Continuing the aggregation will
result 1n a size greater than 100 m for the level-1 region and
thus the final generated road network will not meet the
requirement on the spatial accuracy. In another case, 1f the
spatial accuracy of the road network 1s still 100 m, but the
number limits of aggregated cells are 4 both 1n the onental
and longitudinal directions, the size of a grid cell will be
25x%25 m. Then 1-4 gnid cells can be aggregated in the
oriental and longitudinal directions and the final generated
road network will still meet the requirement on the spatial
accuracy.

The aggregation of grid cells 1s based on the density of
trajectories in the grid cells. As mentioned above, grid cells
containing no or very small number of trajectory segments
will not be aggregated. Furthermore, the grnid cells are
aggregated to make the cluster of trajectories constituting of
adjacent trajectory not distribute across two grid cells as
possible as they can. In this case, 1t can be determined in an
adjacent grid cell of a present grid cell whether there are
enough trajectories diflering from the trajectories in the
present grid cell. If in an adjacent gnid cell of a present grid
cell there 1s a trajectory different from the trajectories in the
present grid cell, the trajectory in the adjacent grid cell and
the trajectories in the present grid cell belong to a same
cluster of trajectories. If the number limit of aggregated cells
has not been reached, the present grid cell and the adjacent
orid cell can be aggregated. The number of trajectories 1n the
aggregated region will greater than the number of trajecto-
ries 1n any aggregated grid cell. The aggregation can save the
computation amount in following stages and improve the
accuracy of the generated road network. It 1s noted that there
can be a situation 1n which all trajectories passing the present
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orid cell are exactly those passing an adjacent grid cell. In
this situation, 1t 1s not considered that there are trajectories
in the adjacent grid cell other than those 1n the present grid
cell. That 1s, the present grid cell and the adjacent grid cell
will not be aggregated 1n this situation.

Those skilled in the art will appreciate that there can be a
number of embodiments to determine whether there are
enough trajectories different from the trajectories in the
present grid cell in the adjacent grid cell of the present grid
cell. For example, 1n one embodiment, the flowchart as
shown 1n FIG. 7 can be used to make the determination.

FI1G. 7 shows a flowchart of a method 7000 for determin-
ing 1n an adjacent grid cell there 1s a trajectory different from
the trajectories in the present grid cell according to one
embodiment of the present invention.

As shown 1n FIG. 7, at step 7100, the number T, of
trajectory segments in the present grid cell and the number
T, of trajectory segments 1 the adjacent grid cell are
computed. Those skilled 1n the art will appreciate that there
can be a number of ways to compute the number of
trajectory segments 1n a grid cell. In one implementation, the
trajectories can be obtained from data of a positioning
device such as GPS. In this case, a sequence of position
points (e.g., GPS points) contained 1n each trajectory can be
scanned for the computation. The sequence of position
points can be obtained by positioning (e.g., GPS position-
ing). That 1s, for each trajectory, coordinates of each position
point in the sequence of position points and coordinates of
the grid cell are compared to determine whether the position
point 1s within the grid cell.

At step 7200, the computed number T, of trajectory
segments 1 the present grid cell 1s added to the computed
number T, of trajectory segments 1n the adjacent grid cell to
get the sum number of trajectory segments, S=1,+T ..

At step 7300, a number T, of trajectory segments in the
adjacent grid cell, which are located on a same trajectory as
the trajectory segments 1n the present grid cell, 1s subtracted
from the obtained sum number S of trajectory segments, to
get a sum number of valid trajectory segments, S,=S-T.

At step 7400, 1t 1s determined whether the sum number S,
of valid trajectory segments 1s greater than the number T, of
trajectory segments 1n the present grid cell. In an alternative
embodiment, to determine whether there are enough trajec-
tories differing from the trajectories in the present grid cell,
a threshold value can be specified. In this case, it 1s deter-
mined whether the sum number S; of valid trajectory
segments exceeds the number T, of trajectory segments 1n
the present grid cell by the threshold value 1 order to
conclude there are “enough™ diflerent trajectories there.

If the determination result of step 7400 1s YES, the
method proceeds to step 7500 to determine in the adjacent
orid cell adjacent of the present grid cell that there 1s a
trajectory different from the trajectories in the present grid
cell.

Then the method proceeds to step 7600 to determine
whether all the grnid cells have been traversed.

If the determination result of step 7400 1s NO, the method
proceeds to step 7600 to determine whether all the grid cells
have been traversed.

If the determination result of step 7600 1s YES, the flow
ends.

If the determination result of step 7600 1s NO, the method
proceeds to step 7700 to take a next grid cell as the present
orid cell and then returns to step 7200.

Through the above description, those skilled in the art
have known how to aggregate a plurality of gnid cells
partitioned 1 advance on a trajectory map based on trajec-
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tories 1 each grnid cell of the plurality of grid cells to form
level-1 regions. Now it will describe generating the nodes
and links of road network based on the formed level-1
regions.

FIG. 8 shows a schematic actual map. In FIG. 8, regions
such as buildings and greenbelt that cannot be traveled
through are represented by blocks filled 1 grey, and roads
are represented by blanks intervening between the grey

blocks.

FIG. 9 shows a road network map corresponding to the
map 1n FIG. 8, generated according to one embodiment of
the present invention. As shown in FIG. 9, according to one
embodiment of the invention, the road network i1s consti-
tuted of two parts, 1.e., nodes and links. Nodes correspond to
the crosses, turnings and etc. 1n FIG. 8. Links correspond to

road segments 1n FIG. 8. The road network as shown in FIG.
9 comprises four nodes, V1, V2, V3 and V4, and eight links,
el, e2, e3, ed, e5, €6, €7 and e8. It 1s noted that structure of
the road network 1s specific to applications. Diflerent appli-
cations may need different parts of the road network. For
example, according to one embodiment of the invention, the
road network can be constituted by links only. According to
another embodiment of the invention, the road network can
be constituted by nodes only. To make the description of the
invention more comprehensive, a road network comprising
both nodes and links will be illustrated as an example
heremnafter to set forth the principle of the invention.

Detailed steps for generating nodes and links of a road
network will be described.

To facilitate the understanding of the invention, concepts
for “neighbor level-1 region” and “valid neighbor” accord-
ing to the mvention will be defined first.

Neighbor

A level-1 region B 1s called a neighbor level-1 region of
a level-1 region A when 1t satisfies any of the following two
conditions:

(1) The level-1 region B meets at least in part with the level-1
region A at an edge; or

(11) The level-1 region B meets with the level-1 region A on
a corner, and there 1s no other level-1 region, which meets
at least 1n part with the level-1 region A at an edge, meets at
least 1n part with the level-1 region B at an edge.

FIG. 10 1s a view 1llustrating the concept of neighbor
level-1 regions according to the present invention.

As shown 1n FIG. 10, regions A, B, C, D and E are level-1
regions formed by aggregating grid cells. In FIG. 10, both of
the level-1 regions C and D meet 1n part with the level-1
region A at an edge and thus satisty the condition (1).
Theretore, the level-1 regions C and D are neighbor level-1
regions of the level-1 region A. The level-1 region B meets
with the level-1 region A at a corner. Furthermore, none of
the level-1 regions C and D, which meet at least 1n part with
the level-1 region A at an edge, meets at least 1in part with the
level-1 region B at an edge. Theretore, the level-1 region B
1s a neighbor level-1 region of the level-1 region A due to the
fact that it satlsﬁes the condition (11). However, as for the
level-1 region E, although it meets with the level-1 region A
at a corner, it meets in part with the level-1 region D at an
edge and the level-1 region D meets in part with the level-1
region A at an edge. That 1s, the level-1 region E satisfies
neither condition (1) nor condition (11). The level-1 region E
1s not a neighbor level-1 region of the level-1 region A.
Valid Neighbor

A level-1 region B 1s called a valid neighbor of a level-1
region A when it satisfies the following two conditions at the
same time:
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(1) The level-1 region B 1s a neighbor level-1 region of the
level-1 region A; and

(11) The level-1 region B has at least one neighbor level-1
region, in addition to the level-1 region A, which 1s not a
neighbor level-1 region of the level-1 region A.

FIG. 11 1s a view 1illustrating the concept of valid neigh-
bors according to the present invention.

As shown in FIG. 11, regions A, B, C, D and E are level-1
regions formed by aggregating grid cells. Level-1 regions B,
C and E are neighbor level-1 regions of the level-1 region A,
1.€., they satisiy the condition (1). For the level-1 regions B
and E, there 1s another neighbor level-1 region, in addition
to the level-1 region A, which 1s not a neighbor level-1
region of the level-1 region A. For example, the level-1
region B has a neighbor level-1 region D 1n addition to the
level-1 region A, and the level-1 region D 1s not a neighbor
level-1 region of the level-1 region A. That 1s, the level-1
regions B and E further satisty the condition (1) and thus are
valid neighbors of the level-1 region A. Now the level-1
region C 1s considered. Although the level-1 region C has a
neighbor level-1 region, B, in addition to the level-1 region
A, the level-1 region B 1s also a neighbor level-1 region of
the level-1 region A. Therefore, the level-1 region C 1s not
a valid neighbor of the level-1 region A since i1t does not
satisty the condition (11).

The inventors of the invention found that, after aggregat-
ing grid cells according to the above-mentioned embodi-
ments of the mvention, the formed level-1 regions have the
following features. The level-1 regions covering nodes of
the road network typically have three or more valid neigh-
bors, wherein nodes of the road network correspond to
crossing, converging or bifurcating places of the clusters of
trajectories. The level-1 regions covering links of the road
network typically have only two valid neighbors, wherein
links of the road network correspond to the cluster of
trajectories on a single road segment. As a result, level-1
regions having the same feature can be merged based on the
above rules to generate nodes and links of the road network
respectively.

Refers back to FIG. 2. At step 2200, a node of the road
network can be generated by merging a level-1 region
having three or more valid neighbors with 1ts neighbor
level-1 regions having three or more valid neighbors.

FIG. 12 shows a road network including nodes and links
generated according to one embodiment of the present
invention.

As shown 1n FIG. 12, each level-1 region 1s represented
by a thick solid line box. Among others, boxes filled 1n grey
represent the level-1 regions that can be merged to be nodes
of the road network.

At step 2300, a link of the road network can be generated
by merging a level-1 region having two valid neighbors with
its neighbor level-1 regions having two valid neighbors. In
FIG. 12, unfilled boxes represent level-1 regions that can be
merged to be links of the road network.

As a result, a road network according to the invention as
shown 1n FIG. 9 has been generated.

In the method flow as shown 1n FIG. 2, at step 2400, 1.¢.,
alter generating the road network, the trajectories can be
represented using the generated road network.

Referring back to FIG. 8, two trajectories, A and B,
constituting of sequences ol position points (e.g., GPS
points) are shown. In one embodiment, using the road
network as shown i FIG. 9, each trajectory can be repre-
sented by nodes and/or links in the road network. For
example, the trajectory A can be represented as a set ol nodes

and links { ..., el, V1, ed, V4, 7, V3, €8, . . . }. The
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trajectory B can be represented as a set of nodes and links
{...,el,V1,e2,V2, €3, ...} Inanother embodiment, each

trajectory can be represented only by links in the road

network. For example, the trajectory A can be represented as
the aof links { . .., el, ed, e7,e8, ...} The trajectory B

can be represented as a set of links { ..., el, e2,¢e3, ... }.
In still another embodiment, each trajectory can be repre-
sented only by nodes 1n the road network. For example, the

trajectory A can be represented as a set of nodes { . . ., V1,
V4, V3, ...} The trajectory B can be represented as a set
ofnodes { ..., V1,V2,...}. Which representation will be
adopted depends on the demand by applications.

Since the position points such as GPS points have a
relatively high accuracy, it will consume significant storage
space to represent trajectories using a large amount of
position points. Furthermore, the computation amount will
be relatively high for recognition and comparison of trajec-
tories and the like. In contrast, 1n the case of using the road
network according to the invention to represent trajectories,
the resulted data amount 1s very small, which not only saves
storage space, but also significantly reduces computation
overheads 1n recognition and comparison of trajectories and
the like. Meanwhile, representing trajectories using the road
network according to the invention can also reduce uncer-
tainty of trajectories. Therefore, representing trajectories
using the road network according to the invention benefits
for pattern mining tasks such as popular route mining,
trajectory comparison, and etc.

Computation overhead for the above described method
for generating a road network mainly comprises overheads
in the following two phases:

Phase 1: scanning the sequence of position points for each
trajectory
Phase 2: aggregating grid cells and merging level-1 regions

Computation overheads for phase 1 mainly depend on the
s1ze of data set of trajectory data. Computation overheads for
phase 2 mainly depend on the geo-spatial size. The execu-
tion times i1n each phase obtamned by simulation to 576
trajectories 1n an area of 7x5 km on the laptop Lenovo®
1410, and hereby estimated execution times in each phase to
be consumed by computation on 1,000,000 trajectories

covering the Beijing city (about 500 km?) are shown in
Table 1.

TABLE 1

Estimation for
computation
on 1,000,000
trajectories covering the
Beijing city (about

simulation to 576
trajectories
in an area of

7 x 5 km on the laptop

Lenovo ® T410 500 km?)
Phase 1 execution time 351 ms 609.4 s
(without disk-I/O
overhead)
Phase 2 execution time 445 ms 6.4 s
Total execution time 796 ms 615.8 s

It can be seen from Table 1 that, in the method {for
generating road network according to the invention, when
simulation 1s made to the 576 trajectories 1n an area of 7x3
km, execution times needed by phase 1 and phase 2 are 351
ms and 445 ms respectively, which are 1n a same order of
magnitude. However, as the number of trajectories and
geographical area increase, the execution time 1s 609.4 s for
phase 1 and only 6.4 s for phase 2 when the road network
1s generated for Beiljing city. The execution time for phase 2
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has been two orders of magnitude shorter than that for phase
1. This 1s because, the execution time needed by phase 1
increases proportionally to the amount of trajectories, while
the execution time needed by phase 2 only increases with the
increasing ol geographical area and 1s not related to the
amount of trajectories, and thus increases much slower than
the execution time needed by phase 1.

This feature makes the method for generating a road
network according to the invention advantageous when

applied 1n city areas typically having dense trajectories.
FIG. 13 shows a block diagram of the road network

generation apparatus 1300 according to one embodiment of

the present invention.

Each parts of the road network generation apparatus 1300
can be mmplemented in hardware, soitware, firmware or
combination thereof. Those skilled 1n the art will appreciate
that the parts as shown 1 FIG. 13 may be combined or
separated to implement the principle of the invention. For
example, the node generation part 1320 and link generation
part 1330 can be combined together to be one generation
part.

As shown 1 FIG. 13, the road network generation appa-
ratus 1300 can comprises an aggregating part 1310 and a
link generation part 1330. The aggregating part 1310 can be
configured to aggregate a plurality of grid cells partitioned
in advance on a trajectory map based on trajectories in each
or1d cell of the plurality of grid cells to form level-1 regions.
The link generation part 1330 can be configured to generate
a link of the road network by merging a level-1 region
having two valid neighbors with 1ts neighbor level-1 regions
having two valid neighbors.

According to one embodiment of the invention, the road
network generation apparatus 1300 can further comprise an
optional node generation part 1320 (shown as a dashed box
in FIG. 13). The node generation part 1320 can be config-
ured to generate a node of the road network by merging a
level-1 region having three or more valid neighbors with 1ts
neighbor level-1 regions having three or more valid neigh-
bors.

According to one embodiment of the invention, the road
network generation apparatus 1300 can further comprise an
optional representing part 1340 (shown as a dashed box 1n
FIG. 13). The representing part 1340 can be configured to
represent trajectories using generated road network.

According to one embodiment of the invention, the aggre-
gating part 1310 aggregates the grid cells based on a density
ol trajectories 1n each grid cell of a plurality of grid cells
partitioned 1n advance on the trajectory map.

According to one embodiment of the invention, the size of
the plurality of grid cells can be set based on a preset spatial
accuracy of the road network and a number limit of aggre-
gated cells 1n each direction.

According to one embodiment of the invention, the size of
the plurality of grid cells can be equal to or less than a
quotient obtained by dividing the spatial accuracy of the
road network by the number limit of aggregated cells.

According to one embodiment of the invention, the aggre-
gating the plurality of grid cells based on a density of
trajectories i each grid cell of the plurality of grid cells
partitioned 1n advance on the trajectory map can comprise:
in the case that the number limit of aggregated cells 1s not
reached, 11 it 1s determined that 1n an adjacent grid cell of a
present grid cell there are enough trajectories different from
the trajectories in the present grid cell, aggregating the
present grid cell and the adjacent gnid cell, otherwise, taking,
the present grid cell as a level-1 region.
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According to one embodiment of the invention, the deter-
mining that 1n the adjacent grid cell adjacent of the present
orid cell there are enough trajectories different from the
trajectories 1n the present grid cell can comprise: computing
a number of trajectory segments in the present grid cell and
a number of trajectory segments in the adjacent grid cell;
adding a computed number of trajectory segments in the
present grid cell and a computed number of trajectory
segments 1n the adjacent grid cell, to get a sum number of
trajectory segments; subtracting a number of trajectory
segments 1n the adjacent grid cell, which are located on a
same trajectory as the trajectory segments 1n the present grid
cell, from the sum number of trajectory segments, to get a
sum number of valid trajectory segments; and determining,
that 1n the adjacent grid cell adjacent of the present grid cell
there are enough trajectories different from the trajectories in
the present grid cell, 1f the sum number of valid trajectory
segments exceeds the number of trajectory segments 1n the
present grid cell by a certain amount.

According to one embodiment of the invention, the com-
puting the number of trajectory segments in the present grid
cell and the number of trajectory segments 1n the adjacent
orid cell can comprise scanning a sequence ol position
points contained in each trajectory. The sequence of position
points 1s obtained by positioning.

According to one embodiment of the mvention, a level-1
region B 1s called a valid neighbor of a level-1 region A
when 1t satisfies the following conditions: the level-1 region
B 1s a neighbor level-1 region of the level-1 region A; and
the level-1 region B has at least one neighbor level-1 region,
in addition to the level-1 region A, which 1s not a neighbor
level-1 region of the level-1 region A.

According to one embodiment of the invention, a level-1
region B 1s called a neighbor level-1 region of a level-1
region A when 1t satisfies the following conditions: the
level-1 region B meets at least 1n part with the level-1 region
A at an edge; or the level-1 region B meets with the level-1
region A on a corner, and there 1s no other level-1 region,
which meets at least 1n part with the level-1 region A at an
edge, meets at least 1n part with the level-1 region B at an
edge.

The present invention may be a system, a method, and/or
a computer program product. The computer program prod-
uct may include a computer readable storage medium (or
media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present 1nvention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium 1ncludes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
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as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1n each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
istructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program 1instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
ol one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
istructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program 1instructions by utilizing state information
of the computer readable program 1nstructions to personalize
the electronic circuitry, 1n order to perform aspects of the
present mvention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1imple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the tlowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
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the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
istructions which implement aspects of the function/act
specified in the tlowchart and/or block diagram block or
blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series ol operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the instructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified in the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams 1n the Figures illustrate
the architecture, functionality, and operation ol possible
implementations of systems, methods and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block 1n the flowchart
or block diagrams may represent a module, segment, or
portion of code, which comprises one or more executable
instructions for implementing the specified logical function
(s). It should also be noted that, in some alternative imple-
mentations, the functions noted 1n the block may occur out
of the order noted in the figures. For example, two blocks
shown 1n succession may, 1n fact, be executed substantially
concurrently, or the blocks may sometimes be executed 1n
the reverse order, depending upon the functionality
involved. It will also be noted that each block of the block
diagrams and/or flowchart illustration, and combinations of
blocks 1n the block diagrams and/or flowchart illustration,
can be mmplemented by special purpose hardware-based
systems that perform the specified functions or acts, or

combinations of special purpose hardware and computer
instructions.

The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found 1n the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

What 1s claimed 1s:
1. A method, comprising:
aggregating a plurality of grid cells partitioned 1n advance
on a trajectory map based on trajectories in each grid
cell of the plurality of grid cells to form level-1 regions,
where the trajectories comprise routes traveled by
vehicles, and wherein each trajectory of the trajectories
1s represented as a sequence ol position points on the
trajectory map;
generating a link of a road network by merging a level-1
region having two valid neighbors with 1ts neighbor
level-1 regions having two valid neighbors, wherein a
level-1 region B 1s called a valid neighbor of a level-1
region A when 1t satisfies the following conditions:
the level-1 region B 1s a neighbor level-1 region of the
level-1 region A; and
the level-1 region B has at least one neighbor level-1
region, 1 addition to the level-1 region A, which 1s
not a neighbor level-1 region of the level-1 region A;
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generating a node of the road network by merging a
level-1 region having three or more valid neighbors
with 1ts neighbor level-1 regions having three or more
valid neighbors;

constructing a map of the road network using the link and
the node, wherein the link corresponds to a road
segment on the map and the node corresponds to a
meeting point of at least two road segments on the map;
and

representing a trajectory of the trajectories by replacing
the sequence of position points with a set containing at
least one of: the link and the node.

2. The method according to claim 1, wherein the aggre-
gating a plurality of grid cells partitioned 1n advance on a
trajectory map based on trajectories in each grid cell of the
plurality of gnid cells comprises:

aggregating the plurality of grid cells based on a density
of trajectories 1n each grid cell of the plurality of grnid
cells partitioned 1n advance on the trajectory map.

3. The method according to claim 2, wherein a size of the
plurality of grid cells 1s set based on a preset spatial accuracy
of the road network and a number limit of aggregated cells
in each direction.

4. The method according to claim 3, wherein the size of
the plurality of grid cells 1s equal to or less than a quotient
obtained by dividing the spatial accuracy of the road net-
work by the number limit of aggregated cells.

5. The method according to claim 3, wherein the aggre-
gating the plurality of grid cells based on a density of
trajectories 1n each gnid cell of the plurality of gnid cells
partitioned 1n advance on the trajectory map comprises:

in the case that the number limit of aggregated cells 1s not
reached:
if 1t 1s determined that 1n an adjacent grid cell of a

present grid cell there are enough trajectories ditler-
ent from the trajectories in the present grid cell,
aggregating the present grid cell and the adjacent
orid cell, otherwise, taking the present grid cell as a
level-1 region.

6. The method according to claim 35, wherein the deter-
mimng that 1n the adjacent grid cell adjacent of the present
orid cell there are enough trajectories different from the
trajectories 1n the present grid cell comprises:

computing a number of trajectory segments 1n the present
orid cell and a number of trajectory segments in the
adjacent grid cell;

adding a computed number of trajectory segments in the
present grid cell and a computed number of trajectory
segments 1n the adjacent grid cell, to get a sum number
of trajectory segments;

subtracting a number of trajectory segments in the adja-
cent grid cell, which are located on a same trajectory as
the trajectory segments 1n the present grid cell, from the
sum number of trajectory segments, to get a sum
number of valid trajectory segments; and

determining that 1n the adjacent grid cell adjacent of the
present grid cell there are enough trajectories diflerent
from the trajectories in the present grid cell, i1 the sum
number of valid trajectory segments exceeds the num-
ber of trajectory segments 1n the present grid cell by a
certain amount.

7. The method according to claim 6, wherein the com-
puting the number of trajectory segments 1n the present grid
cell and the number of trajectory segments 1n the adjacent
orid cell comprises:

5

10

15

20

25

30

35

40

45

50

55

60

65

16

scanning a sequence of position points contained in each
trajectory, the sequence of position points being
obtained by positioning.

8. The method according to claim 1, wherein a level-1
region B 1s called a neighbor level-1 region of a level-1
region A when 1t satisfies the following conditions:

the level-1 region B meets at least 1in part with the level-1

region A at an edge; or

the level-1 region B meets with the level-1 region A on a

corner, and there 1s no other level-1 region, which
meets at least 1n part with the level-1 region A at an
edge, meets at least 1n part with the level-1 region B at
an edge.

9. An apparatus, comprising:

a processor; and

a computer readable storage medium having computer

readable program 1instructions stored thereon for caus-
ing the processor to carry out operations comprising;:
agoregating a plurality of gnid cells partitioned 1n
advance on a trajectory map based on trajectories in
cach grid cell of the plurality of gnid cells to form
level-1 regions, where the trajectories comprise
routes traveled by vehicles, and wherein each trajec-
tory of the trajectories 1s represented as a sequence of
position points on the trajectory map;
generating a link of the road network by merging a
level-1 region having two valid neighbors with its
neighbor level-1 regions having two valid neighbors,
wherein a level-1 region B 1s called a valid neighbor
of a level-1 region A when 1t satisfies the following
conditions:
the level-1 region B 1s a neighbor level-1 region of
the level-1 region A; and
the level-1 region B has at least one neighbor level-1
region, 1n addition to the level-1 region A, which
1s not a neighbor level-1 region of the level-1
region A;
generating a node of a road network by merging a
level-1 region having three or more valid neighbors
with 1ts neighbor level-1 regions having three or
more valid neighbors;
constructing a map of the road network using the link
and the node, wherein the link corresponds to a road
segment on the map and the node corresponds to a
meeting point of at least two road segments on the
map; and
representing a trajectory of the trajectories by replacing
the sequence of position points with a set containing
at least one of: the link and the node.

10. The apparatus according to claim 9, wherein the
aggregating comprises:

aggregating the plurality of grid cells based on a density

of trajectories i each grid cell of the plurality of gnid
cells partitioned 1n advance on the trajectory map.

11. The apparatus according to claim 10, wherein a size of
the plurality of grid cells 1s set based on a preset spatial
accuracy of the road network and a number limit of aggre-
gated cells 1n each direction.

12. The apparatus according to claim 11, wherein the size
of the plurality of grid cells 1s equal to or less than a quotient
obtained by dividing the spatial accuracy of the road net-
work by the number limit of aggregated cells.

13. The apparatus according to claim 11, wherein the
agoregating the plurality of grid cells based on a density of
trajectories 1 each grid cell of the plurality of grid cells
partitioned 1n advance on the trajectory map comprises:
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in the case that the number limit of aggregated cells 1s not
reached:
if 1t 1s determined that 1 an adjacent grid cell of a
present grid cell there are enough trajectories ditler-
ent from the trajectories in the present grid cell,
aggregating the present grid cell and the adjacent
orid cell, otherwise, taking the present grid cell as a
level-1 region.

14. The apparatus according to claim 13, wherein the
determining that 1 the adjacent grid cell adjacent of the
present grid cell there are enough trajectories diflerent from
the trajectories 1n the present grid cell comprises:

computing a number of trajectory segments 1n the present

orid cell and a number of trajectory segments 1n the
adjacent grid cell;

adding a computed number of trajectory segments in the

present grid cell and a computed number of trajectory
segments 1n the adjacent grid cell, to get a sum number
of trajectory segments;

subtracting a number of trajectory segments in the adja-

cent grid cell, which are located on a same trajectory as
the trajectory segments 1n the present grid cell, from the
sum number of trajectory segments, to get a sum
number of valid trajectory segments; and
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determiming that 1n the adjacent grid cell adjacent of the
present grid cell there are enough trajectories difierent
from the trajectories in the present grid cell, if the sum
number of valid trajectory segments exceeds the num-
ber of trajectory segments 1n the present grid cell by a
certain amount.

15. The apparatus according to claim 14, wherein the
computing the number of trajectory segments 1n the present
orid cell and the number of trajectory segments 1n the
adjacent grid cell comprises:

scanning a sequence ol position points contained 1n each

trajectory, the sequence of position points being
obtained by positioning.

16. The apparatus according to claim 9, wherein a level-1
region B 1s called a neighbor level-1 region of a level-1
region A when 1t satisfies the following conditions:

the level-1 region B meets at least 1in part with the level-1

region A at an edge; or

the level-1 region B meets with the level-1 region A on a

corner, and there 1s no other level-1 region, which
meets at least 1n part with the level-1 region A at an
edge, meets at least 1n part with the level-1 region B at
an edge.
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